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ABSTRACT 


ingoncdersto elucidate the yole of cetyl alcohol 
films in retarding the evaporation of water, H,0"°/H,07° 
abundance ratios were determined during evaporation of 
water without films and with films of various thicknesses. 

beavecmrGunasthatethe 1 sotopic fraceionation swith 
Poco uigitiy) largerathan without films. Increasing 
the film thickness appears to promote a greater isotopic 
selectivity. However, the effect is not appreciable and 
Meets Concludeduthatacety alcohol films do wnot introduce 
an isotopically selective step which can effectively com- 
pete for rate control in the evaporation process. 

The isotope techniques show some promise for elu- 
cidating the mechanism of evaporation retardation by films. 
However, the experiments to date suggest that careful 


attention must be given to problems such as container 


design and the control of temperature and humidity. 
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CHAPTER 1 


EEEECTS, OF, EILMS ON “CHE RETARDATION 


OF EVAPORATION OF WATER 


lv. ~Monobeyers 


It has been known for many years that monolayers of 
a number of long chain compounds or layers of appropriate 
oil mixtures on water surfaces may retard evaporation 
(ADAM, S1LO25t= © RIDEAT, 1925 ;)*= DOCKING et’ “al, , 1940; “SEBBA 
and BRISCOE, 1940; POWELL, 1943; GILBY and HEYMANN, 19AG)e 

The use of monolayers for evaporation reduction holds 
considerable promise for water conservation. An estimated 
Pies mithvon acre-tt of water are lost "each "year "by evaporea— 
tion from large lakes and eengeceneaes in the western United 
States @(TIMBUIN “et al.) L962). 

A monolayer has to fulfill two conditions: DirrG mine, 
it has to be compact with strong cohesion forces between the 
paraffinic residual chains. Secondly), ’ts *spreadinomrate 
and resealing ability must be good. The first condvtron 
assures an effective barrier against evaporation, while the 
second property maintains the monolayer on the surface 
despite external disturbances such as wind and wave action. 
Field work has shown that it is possible to apply and main- 
tain a monolayer on a large reservoir and thereby effectively 
decrease evaporation. The most commonly used material is 


cetyl alcohol Saran wan However, for’ pure cetyl 
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alcohol, sublimation loss is significant. This loss may 
be diminished by using mixtures of cetyl and stearyl 
alcohol BS EG pane as the latter has a much lower 
vapour pressure (MANSFIELD, 1962). 

Continuous monolayers have been applied to water 
surfaces by a variety of methods. Most frequently, finely 
ground dry cetyl alcohol powder is released from a boat 
(VINES, 1960). Alternately, melted alcohols are sprayed 
SnmcleecUlnraconacecmsS LUCY LIMBUINseteal,.,. L962)),. Attempts 
to use hexadecanol flakes in floating wire cages or so- 
called rafts proved to be ineffective (MANSFIELD, 1955; 
DUMBpUNwetwal.,. 1962) 55 Depending upon prevailing field 
conditions, the use of monolayers reduced evaporation losses 
Gao) Om cant WN Go a LOO2)r 

Numerous laboratory experiments were conducted prior 
LOWE LetCeWOLK LOestudy. ties,ertect Of monolayers on the rate 
of evaporation of ee re HEDESTRAND (1924), one of the 
firsteinvestigators, studied the erfLect of a fatty) acid faim 
on the rate of evaporation from a water surface of area 
LooZz cm? Into a CUurrentwor streaming alr at astemperacure 
of 20°C. He concluded that monolayers did not affect the 
See erwion rate. However, in his experiments, a stagnant 
layer, Ot alr and evapour existed very close  COsthe water 
surface. He failed to observe any retarding effect for the 
monolayer because the diffusional resistance of the stagnant 
air layer was overwhelmingly the rate controlling step in 


the evaporation. 
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RIDEAL (1925) was the first to show that monolayers 
have a marked influence on the evaporation rate of water. 
He used an inverted U-tube to measure the effect. One arm 
contained the water at room temperature upon which the 
monolayer was formed. The other arm was cooled in an ice 
bath, and the system was evacuated to remove the air column 
above both water levels. He was able to determine qualita- 
tively the effect of the film on the rate of evaporation 
by comparing the rates of condensation in the cold arm with 
and without a surface film on the water. He found that 
stearic acid Seok aeae te monolayers reduced the rate 
of condensation in the cold arm by about 28%. Retardation 
of evaporation of up to 42% was obtained using other 
materials. 

LANGMUIR and LANGMUIR (1927) also reported that films 
SimcCetvwind CONC Nioglae ange rellect: on the rave or othe eva— 
poration of water. They tried to determine whether the 
decrease in the rate of evaporation is due to the stopping 
of convection currents or impermeability of the film. They 
concluded that the stopping of surface currents was respon- 
sible for the decrease in the evaporation rate. They found 
that even at atmospheric pressure and winds of about 180 
cm/sec, the rate of the evaporation of water was decreased 
tomabouts one—haliebyeanr.impotecety alconol. Under sstmilar 
CONGItLONS, LattVeaoclosmproducedsno measurable veitecc. 

die) establish the effect of surface pressure on the 


decrease in the rate of evaporation caused by monolayers, 























\ 


zzayeionom seal? wore od d2782 sez ssw (Geel)  CAgGan 


> 7 
;yvetew to odan coitetogays sin mo soqoering botten Soo 
i 7 


‘Weve onO 9882395 oft sxvecom oJ ofu7- Dedteval oe Bee sil 
: : 


ead ris t¢w wy 4 Iwao 194: noot-3s5 A2s78y att } benisgaes - r 
p a 
SDri nth Gi belaos eGw MTR TOM =yaRy «DSTI cha ioyeionom " 


nMios 416 sit wa t OF DSSIAUoLs aw Wadeye st OAR ited 7 


“e252 iletin oatir ay! ier iluae .AGwW aLgvel fF vd oweds 7 
GOl9BISEEVS FO ost 3! oO fil : eld ae 7 Sits yioveg 
ia ae) 2 Btos ito we wrorteel Sat"? id Bare; Me Pat Lengo ya 7 
feiis Br? 11 ae . NO Wisi? snetsye novigiw Dre 
ma ob hes ie ; ¢ ) AD nti 1.38 ijsete én 
oLiebiesos ; ole B OLOG nonnag Te6 - 


tose | bontatda est OF Guy Lts2oqeve Jo 


a . slarrs%ag 


wie? tens’ bos Paar) oe. ALUM -* 
“6979 s1i3 10 9 iS . att ital 6 Séd loroolsa Iveen 3 
6439 yzorltjariw anes & AP be ied wali Tew 76 ne wesog 


etigecse stig of awb <li ne: “EV 10 Sisa SHS Ai Saeewees 
Gen? ,@132 sity io vetlidcsnve0mt +4 ‘1214s $olsoevaes- Fp 
—Gogeo. SEW 29N91805 s2etiiie to paiggsen sie dedy Lookin 
i 7 Weer 10322 nbitasogei'o sit ni scssrool adt ant ofdde 


‘Bett So eetly Ghs sateseiq oix=jqcomde ‘ts nove 





eae 





pe 
| sit 30 9Jex Sad yi 


ae 





SEBBA and BRISCOE (1940) passed a stream of dry air inwards 
frome thnepedgesofta metalydiscy0.3ucm above the.surfacerof 
water in a tray provided with barriers and a surface 
Shanes. They determined the relative rates of evaporation 
with and without films and with films exposed to different 
surface pressures by withdrawing air from a tube at the 
eenter Ofpines diskeat»~thesrate. of. two. liters»epereminute 
endameasuraing) the wateracontentsof.thissain., They found 


that even. compressed: films of;oleic acid [CH (CB eeu 


5 


CHACH phe Sou! and cholesterol [C Oj}, did ino retard 


27846 
evaporacmones Onsthe otheryhand ~awathwarachidic. alcohol 
PEs la) eRe large effects were obtained. They concluded 
that the relative decrease in the rate of evaporation was 
strongly dependent .on,the, surface pressure. of the film. 

In a subsequent paper, SEBBA and BRISCOE (1940 a) 
reported that the great decrease in evaporation produced 
by) arachidic: alcohol-disappeared in, a few hours. when, the 
film was allowed to remain on the surfacejunder low pres= 
Sunecumeelhds effLeckadid noteoccumsifethe fallmewassmaantaamned 
under high pressure. 

LANGMUIR and SCHAEFER (1943) introduced an improved 
technigue for measuring the absolute rate of evaporation 
through films... \Thiss consisted, of suspending, agpoLrous- 
bottomed box,ofsassolidadesi ccant sj jUusStlabove shew water. 


surface. The amount of water evaporated by a stream of 


dry air blown over the surface film was measured. The 
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resistance to evaporation was represented as an energy 
Daiwa cigeteatedtito ‘thejtiiilmipressurespthedn results” for 
various long chain acids, showed very great reductions in 
the evaporation rate and the effect increased with increas- 
ing film pressure. They concluded that two factors deter- 
mined the rate of evaporation: (1) There must be a decrease 
in the partial pressure of water vapour as it diffuses 
Ehsough> theramy, overlyingutheadiiquid; (2)eTheteifcct ofa 
feimeort ice tylealcoholsivs’ totoifier fatresistance eto diffusion 
which resides in the monolayer itself. 

ARCHER and LA MER (1954) made measurements in the 
trough) of “a “surface balance’, ‘so that’’the resistance to 
evaporation can be determined as a function of the film 
pressure and molecular area of the monolayer. The technique 
used is a development of the method employed by LANGMUIR and 
SCHAEFER described earlier. They used anhydrous lithium 
chloride as the desiccant since it produces a greater rate 
ofabsorption and! exhibits less) 'caking jand' less adherence to 
the membrane over which it is suspended. They reported that 
the transport.of water from the water surface to the desiccant 
surface involves evaporation from the water surface, diffu- 
sion through the separating air column and the membrane 
followed by condensation or absorption at the desiccant 
surface. They described the above processes mathematically 
anaede wavediithemd iff Usdonncoetiicients: andwsome othem para; 


meters involved. ARCHER and LA MER (1954) studied the 
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resistances of compressed fatty acid monolayers as a func- 
L1On SOfmtnee chain, length, msubphase, compos ition,.state.of 
the monolayer and temperature. They found that the resis- 
tance depends markedly on the chain length of the molecule 
but is independent of pressure in the range measured. 
ROSANO and LA MER (1956) carried out extensive studies 
comparing the behaviour of the fatty acid monolayers with 
thateofeecetexs),,acids,) andvalcohols.o,hey. found thatemono- 
layers of esters usually exhibit a negligible effect on 
evaporation. Alcohols were found to exhibit no specific 
resistance over a wide range. The eniwelie resistance of 
alcohols rises continuously with increasing lateral com- 
pressing. 

LA MER-and his coworkers found that if their mono- 
layers were spread using a solution of petroleum ether 
(agvery pooG solvent. for water). rather than i1n,.benzene 
(which can dissolve some water), and if the spreading was 
Carried out. so as. to give a highly compressed film directly, 
then very high film resistances were obtained. Comparing 
their results with those. of LANGMUIR and, SCHAEFER (1943), 
iteLs.counds that fatty acid, monolayers, gave.highy resistances 
independent of the film pressure. 

The general explanation for the discrepancies between 
this work and the earlier results seems to be that when 
films) are) spread, at, low, pressurespwith) benzene as, the sol- 


vent, small amounts of water were trapped in the film and 
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these provided low resistance channels for evaporation. 
Also, traces of surface active impurities present before 


spreading may have important effects (ADAMSON, 1964). 


DP eoeeeneorerical consideratvons of evaporatlon retardation 
by monolayers 


The concept of an activation energy barrier to the 
evaporation of water through monolayers was first suggested 
by LANGMUIR and LANGMUIR (1927) and developed further by 
LANGMUIR and SCHAEFER (1943). Refinement of this theory 
in application to the saturated fatty acid monolayers was 
made by ARCHER and LA MER (1954; 1955). They determined 
the magnitude of the activation energy for the penetration 
of the monolayer and its individual CH, groups from the 
temperature coefficient of water transport through the mono- 
Laver em ieamagnieuude OL this barrier 1s determined by the 
energy required by a condensing or evaporating water molecule 
to penetrate the monolayer. 

ARCHER and LA MER (1954) assumed that, over limited 
areas, the molecules in a monolayer are in a two-dimensional 
close-packed hexagonal array and that a water molecule in 
penetrating the film must form a hole in the monolayer 
See alent to the area occupied by one film molecule. 

They considered a small area of the hexagonal array 
Ofsmolecules. Inethe initialestate, all sites are occupied: 


After the hole is formed there is one free site in the small 
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area. However, the mechanism of displacement is such that 
the total number of molecules in the area is unchanged. 
Consequently, the intermolecular separation has been 
decreased, but for a sufficiently large area this change 
Psenecligublie. If ne is the potential energy of inter- 
action of a film molecule p with one of its neighbours q, 


the total interaction energy is the summation 
Pq 


over all of the molecules in the area. In SNe final state, 
the total interaction energy is the above summation from 
which is subtracted the interaction between all of the 
molecules in the area and the molecule formerly occupying 


the free site, which is 
og) he ) ae : 
q Pp p 


Consequently, the energy change is just the interaction 
between one molecule and all of its neighbours in the mono- 


layer, and is given by 


We 1) 


L wee . 


In the past, various workers (LANGMUIR and SCHAEFER, 
1943; ARCHER and LA MER, 1954; 1955) have described evapora- 


tronerecardationupinecerms Ofsa Specific resistance to 
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evaporation", r, offered by the monolayer. They suggest an 
Ohm's law analogy between this resistance and the specific 


electrical resistance of a metal in the form 


= = 2/Agy * eAn7a 
Vv Vv 
where 

Pie-wathe drivangeforce = AN; 

AN = the difference in concentration between the 
water vapours in equilibrium with the water 
below the film and the air above the film 
respectively; 

Athae tel areanone ueceirim; 

v = the rate of evaporation. 


ARCHER and LA MER (1954) expressed r as 


where § is the fraction of water molecules which penetrates 
flewelime wee an average velocity ou. They them expressedye 


and u using the Boltzmann equation: 


B enka? ; and 
L, 
eee Kelae 
- 27m 
where 
E = the energy barrier to evaporation, the magnitude 


of which is equal to W in equation (1); 


kK = thesBboltzmann constant; 


Jp ey \'< 
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aL the absolute temperature of the water surface; 


m the mass of the water molecule. 


Inserting these values in the above expression for r we get 


1 n 
wos (21M, % oE/kT 


oe : (2) 


This shows that r is proportional to the square root of the 
mass of the water molecule. 

However, MacRITCHIE (1969) argues that the specific 
evaporation resistance which has often been calculated for 
monolayers is not a material property as, for example, the 
specific electrical resistance of a metal. He then pointed 
out that this analogy breaks down in the case of a reaction 
Seuence anvolving one or more equilibrium ‘steps, ‘as occurs 
in mass transport across interfaces and through membranes. 

He even doubted the validity of the calculation of resistances 
fOr ditterent steps from kinetic data. 

MacRITCHIE (1968) tested the hypothesis that cetyl 
alcohol acts by influencing the thickness of the stagnant 
fluid layer next to the interface) by measuring, they tempera- 
ture gradient near the surface. He found that hexadecanol 
(cetyl alcohol) has no effect on the evaporation rate when 
the, Jattersus controlled byeasthick diffusionpslayem salie 
Sear retardation of evaporation by hexadecanol increases 
markedly with increasing velocity of air,circulation. He 
concluded that a hexadecanol monolayer acts by resisting the 


reduction of the stagnant layer thickness by air currents. 
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In discussions of the role of the monolayer, it is 
useful to consider the sequence of steps in the evaporation 
BLOCeGGstas 10. lows: 


vaporization diffusion convection 
A 288) > Cc —————— D ————— E 


Ny eI Ba, 
where; Ags) B represents the equilibrium between liquid 
molecules in the bulk and in the surface. One would expect 
phate therestablishmentyof ithis) equidibrinm- is. very. napid. 
This equilibrium is not considered to be influenced by the 
presence of a monolayer, since this would lead to changes in 
the surface tension, which have not been observed by 
MacRITCHIE (1969). The expression C —+D represents the 
molecular diffusion; of vapour through a, diffusion, boundary 
layer. The evaporation rate v is generally equal to the rate 


of this diffusion step and could. be described by the equation: 


D(C. = C) 


ne a (3) 


wheres Do 1s the diffusion cockricient;. x is theyeftiective, thick— 
ness of diffusion layer, and Cy and C are concentrations at 

the two surfaces of the diffusion layer. It has been concluded 
(MacRITCHIE, 1968) from measurements of the temperature gra- 
dient fear an evaporating) surface that) monolayers of nexa= 
decanol influence the magnitude of x. However, it cannot be 
GConciudeduwith cemtainty that) this is the only role of the 


monolayer in evaporation reauctdaon. (MacRITCHLE,, 1969). This 
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is due to the difficulty in measuring temperature gradients 
precisely and to the fact that the diffusion and thermal 
Poundans layers need not always be identical. 

According to MacRIICHIe (1909); monolayers influence 
tne evaporation by means Of an artificial barrier which 
retards the vaporization step B —+C in the equilibrium 
B ~~ C established between water molecules in the surface 
and an adjacent layer of vapour molecules. However, experi- 
ments carried out by POWELL (1943) showed that multimolecular 
films (~ 1 y thick) are required to provide a significant 
barrier for diffusion of molecules from the liquid to the 
vapour. If a monolayer were to retard step B —C, then the 
Patcr Ore ecvaporation an the steady rate could still be des- 
Cal vedsbys cquatron (3), except, that CA would now have a value 
below the equilibrium vapour concentration. The retarding 
effect of the monolayer in this hypothetical case would then 
depend on the rate of step C —D and would vary according 
to the conditions, becoming zero when step C —D is made 
sufficiently slow. 

To determine which step a monolayer affects when it 
retards the evaporation rate, a simple test may be carried 
out. In case of water, the amount of retardation caused by 
the monolayer is measured under several different conditions 
of forced convection at one value of the ambient relative 
humidity. The series of experiments is repeated at another 


value of the relative humidity, sufficiently different to 
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alter the absolute rates appreciably. If the monolayer 
alters the evaporation rate by affecting the vaporization 
step only, then the percentage of retardation should depend 
on the absolute rate of evaporation and not on the condi- 
tions Whereas if it affects the diffusion layer, the 
retardation should depend on the hydrodynamic conditions 
and be independent of the absolute rate. An intermediate 
result would be expected if both mechanisms operate. 

MacRITCHIE (1969) carried out several experiments 
along the lines described above. He concluded that the 
retardation of evaporation by hexadecanol monolayers is 
the same under comparable conditions of convection and is 
independent of the absolute rate of evaporation. He also 
concluded that the hexadecanol monolayer produces no barrier 
to the vaporization step and exerts its effect by altering 
the hydrodynamic boundary conditions. 

When air is passed over a liquid surface, there is 
always some movement of the surface as a result-of the net 
Seresceduesto the vair. | LfVvassutficirentiy incompressible 
monolayer is placed OnethiewsuLeace,. tiewc _Eocom i saucmco 
the moving air compresses the monolayer. This produces a 
surface pressure gradient d1r/dx which opposes the stress. 
Thesback Stress of the monolayer reduces “the netestress on 
the surface and therefore consequently increases the size 


of the boundary layer. 
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MacRITCHIE (1969) carried out experiments assuming 
laminar flow with the highest air velocity U, as 480 cm/sec. 
If no net flow of the monolayer occurs under steady state 


conditions, then 


wot SS 
eb ax 


where 1 is the stress due to the moving air and dn/dx is the 
surface-pressure gradient opposing t. He showed that very 
small surface pressure gradients can cause significant 
changes in boundary layer properties and consequently eva- 
poration rates. He then concluded that the reduction in 
the steady state rate of evaporation of water by hexadecanol 
monolayers depends only on the eae velocity above the surface. 
The reduction is found to be independent of the absolute rate 
OfVeVapOration up to air velocities of 40,cm/sec. MThis 
indicates that the monolayer does not affect the vaporization 
step but increases the size of the diffusion boundary layer. 

KAPPESGSER eG. al. (1969), reexamined MacRITCHIE’s 
experiments and found that his data are consistent with those 
obtained for turbulent flow. They argue that he did not have 
a laminar flow system since a fan was used which may intro- 
ducesa complicated rotattonalamotion, wi Chavogelcesestoancang 
from the ends of the blades. 

MacRITCHIE (1969) showed that the evaporation retard- 
ation ratio MA Alhs is independent of the relative humidity at 


a given Reynolds number where a and Va are the evaporation 
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rates with and without hexadecanol respectively. He then 
concluded that the hexadecanol produces no barrier to the 
Vaporization step but exerts its effect by. altering the 
hydrodynamic boundary layer. However, KAPPESSER et al. 
(1969) found that the presence of a vaporization step with 
hexadecanol also yields results which are consistent with 


the above experimental observation. 


doe eMiLLermobeculas Layers 


HEYMANN and YOFFE (1942) carried out experiments on 
tiecpoeanrircy ol multimolecular tiims or nydrocarbon’olls* 
containing spreaders, on water surfaces. The layers were 
Spread on water in Petri dishes, filled to a constant 
distance from the top of the dish. Petroleum ether was 
sometimes used as solvent in putting on the oil and it 
@vaporated quickly. Evaporation tests were conducted over 
a period of one day in a large chamber shielded from draughts 
and sunlight. The temperature and humidity were recorded. 
The reduction in the rate of evaporation was determined by 
SCOMearEng ethic Oss Of Welt, Der esO Cite Olmos Winbacey nto 
the oil covered and from a clean water surface under the 
Same conditions. They found” that” the multimolecular layexs 
revcard the evaporaclon Sutricrently tO be -Onmspract ical valuer 
They showed that films of polymerised oil of considerable 
Btavpiiity can be obtained Jhese fiims Teauce, tiie™evapora— 
tion into still air by 58 to 78% when the thickness is 


5 x107° cm and 70 to 81% when the thickness is 10 x a eh 
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POWELLS (194 3)q9 conducted al serics®of experiments on 
uhe@aniluence “ofs surface 4 lmseofnol 1Wofetha cknesses 
Yanging=tolabout 2:5 cm’on the evaporation of water?’ The 
rate of loss of weight was determined from surfaces contained 
in straight-sided glass dishes about 4 cm deep and 6.8 cm in 
diameter filled within about 0.4 cm of the brim. POWELL 
foundv that therelisian optimum thickness=for%a given: oil 
film for which the rate of evaporation from the underlying 
water surface has a minimum value. He concluded that the 
retardation of evaporation with multimolecular films of o1i1 
was appreciably greater than with monomolecular films. He 
also reported that the effectiveness of the films becomes 
relatively greater as the air velocity is increased, and that 
the order of the effect can be estimated from a knowledge of 
the diffusion coefficients of water vapour through air and 
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ee. Isotopic Pract Onatil Oleancdmclempossible elucidation of 


evaporation retardation mechanisms 


In view of the controversies which have arisen in 
describing the role that surface films play in retarding 
evaporation, we decided to examine alterations to HeOe=/150ee 
and HDO/H.,O abundance ratios during evaporation. If the 
concept of a "specific resistance to evaporation", as given 


by LANGMUIR and SCHAEFER (1943) and ARCHER and LA MER (1954), 


is reasonable, equation (2) states that this quantity is 
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proportional to the square root of the mass of the water 
molecule. seBby measuring the isotopic effects occurring 
with and without surface films, it can be ascertained 
whether the film indeed introduces an isotopically depen- 
dent step into the process and hopefully some of the 
controversy can be resolved. Accordingly, the next chapter 
is devoted to a review of the fractionation of isotopic 


species of water during evaporation. 
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CHARTER. 2 


FRACTIONATION OF ISOTOPIC SPECIES 


OF WATER DURING EVAPORATION 


Ze leeLncrocucti1on 


The abundances of the most important isotopic com- 


Ono qDOW Ue and Hee, are approximately 


99.768:0.032:0.200 %, depending on the origin of the water 


ponents of water, H 


ND 


(DANSGAARD, 1964). 

Isotopic abundances of water species are usually 
determined mass spectrometrically. Since isotopic composi- 
tions can be compared with better precision than the accuracy 
with which absolute abundances can be measured, isotopic 
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standard 


Tie Standard used by most Laboratories for both oDeand sor 


values of water is SMOW (standard mean ocean water, CRAIG, 
LP Gxleect) es 

Isotopic Pract LonaLwonsOlmewalelmcCansbemetLecuCumDy 
several processes such as biological activity and isotopic 


exchange with other materials. However, the fundamental 
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FeasOnMrorethessignifiicantsterrestrialivariations in the 
heavy 2sotope content of natural waters is that the vapour 
pressure of H,07° is higher than those of HDO and H5On 
This leads to variation in the relative amounts of these 
isotopic species of water in precipitation. The temperature 


and the rate of reaction affect the fractionation factors 


for the various processes mentioned above. 


282 Isotopic equi librium exchange {processes 


We shall discuss only two-phase systems with no 
supply of material from the environment. When a process 
proceeds slowly so that equilibrium conditions are attained 
at the boundary between the phases, the fractionation factor 
a for evaporation of liquid water becomes the ratio 
Pi 
P2 
where Py and Py are the vapour pressures of the light and 


the heavy components respectively. 


At room temperature, the fractionation factors for 


HDO and H,07 8 are 1.08 and 1.009, respectively. This means 


that vapour in equilibrium with water is depleted some 

80 °7/00 in deuterium and 9 ° 7/00 in oe relative to the 

water (REISENFELD and CHANG, 1936; MERLIVAT et al., 1963). 

MERLIVAT et al. (1963) measured the fractionation factors 
18 


for deuterium and O at temperatures SOaGe They also 


obtained a at temperatures extending to -20°C using 
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ZHAVOROWKOV's formula (DANSGAARD, 1964); 


O19 = OF 9322 exp (a 5.3488 /R7.) 


where R is the gas constant. 

Slow evaporation with the immediate removal of vapour 
from the remaining water is known as a Rayleigh process. 
SpUCcImOUMOcCeGooom. cad to, highersfractionation, than in processes, 
in which the two phases are allowed to equilibrate by erchenge: 
Evaporation under the latter conditions probably seldom 


Oceiaem@ iatature.  "DANSGAARD (1964) used the formula: 


f : ae . ES od Us) ; : 
eOnOOtain the 6D and 60 for a water reservoir evaporating 
Mnoden Rayleigh conditions. in this formule 6 is the compo- 


Sition of the remaining fraction Fh of the water reservoir, 


if the initial composition is assumed to be én = 0.eu che 
calculated §D and ene: fol Lays = Ono and Ue. ataval lous) ctel— 
Peraturescedre slicted) in lables le Lisi s tosbesnotedsthac 


all the 6's are positive due to the preferential escape of 


2.3 Non-equilibrium (fast evaporation) processes 


Here the situation is complicated by the existence 
Ofekinetic 1S0tope, eftects, durangethe change of phase. 
Although the detailed mechanism is unknown, we can inter- 


pret the results by assuming that the rate of reaction, K, 
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Table 1 


sol8 


and .oD OD thes remaining fraction (of 
a water reservoir undergoing isothermal 


evaporation (after DANSGAARD, 1964) 


Fas .0.3 F=-0Q0.1—1 
W W 
t°c éD °7/00 stone °7/00 6D °700 ge a 
0 122 She 247 25.6 
20 92 Jb lap yl 184 218 
40 WE eee 140 ie ee 
60 54 hag OUT 13/0 
80 44 54 86 Olen) 
100 34 4.0 67 7.6 
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OibeChem@l legit Component isthe fastest, awe 


K (H,07°) > K(HDO) > K(H,07°) 


Ticerelactvely Lastsescape: OT H,07° during fast 


evaporation leads to effective fractionation factors ore 
which are higher than the q identified with equilibrium 
exchange conditions. DANSGAARD (1961) reported values of 
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increase of Aig 7 1b 
2.4 Terrestrial variations 

THeUaAcULe, sINarCabvoOnSmOLeslgni tr cant Kinetic 4sSotope 
effects have been found only in very localized evaporation 
phenomena (CRAIG et al., 1956; BOATO, 1960; CRAIG, 1961 b; 
Pet Eee le re mec eye OO eG RALGee Coal wy boO3)7. 

Usually evaporation (and precipitation) of natural 
waters occurs in environments containing water vapour. 
Therefore, one cannot rule out the possibility of isotopic 
exchange between the vapour and liquid phases. 

The 1SOtOpLC COMmpOsctTeLOn On maturais PLecl pl caulLonmal 
any Site is determined by numerous factors which are sum- 
marized below: 

(Aye Distances stomp thessOULCe. —sliecmvadDOUlteaves™ Lae 
source (usually the ocean) with slightly negative 6 values 


than the source. As the vapour moves away from the source 
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(inland from oceans), precipitation becomes progressively 
lighter because of preferential precipitation of the heavier 
molecules. 

(b) Temperature (altitude and latitude effects): 

A decrease in temperature increases the isotopic fractiona- 
EPOlgtacctor £Or evaporation. This means that the vapour 
released at cooler temperatures together with the precipi- 
tation derived from it will be more depleted in the heavier 
TSOLOpIC Species. It is noted that continental precipitation 
generally becomes more depleted in the heavier isotopic 
species with increasing latitude with the greatest depletion 
occurring at the poles. Precipitation also becomes isotopi- 
cally lighter with increasing altitude. Both these effects 
result essentially from the temperature effect with reservoir 
effects mentioned in (a) also playing a role. 

(c) Exchange during precipitation: When precipitation 
occurs, water droplets are exposed to the humidity of the 
atmosphere. Exchange can occur between the raindrops and 
Piewathiospiertc Vapour. )Thissertect (depends on shiesdrop 
Srze bene duratvon Of caintaliwanicum the temperature. sl 
themcase. OL Neavyerains thesebrectmis negligibleyecincestiec 
initial fall of rain sweeps out the prevailing atmospheric 
vapour and provides a new vapour source (DANSGAARD, 1953; 


PRTEDMAN GL aL. , 1962; CRALG et als, 1963; )EHHALT etoala, 
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(d) Evaporation of precipitation: Evaporation is 
relatively high in dry air, in which casestherprocess pro- 
bably proceeds under nonequilibrium conditions (EHHALT et 
eis; LI63)*eOntthe other hand @inethe! case offthigh humidity, 
exchange will be the dominating factor (FRIEDMAN et al., 
LYe2) . 


DANSGAARD (1964) reported the following relation 


between 6D and 50k for many stations in the Northern 
Hemisphere: 
a 18 Oo 
ODicomr Cont apt On 2) Po Omar (elie mls) pe OO. a. 


He interpreted this equation as representing evaporation in 
a non-equilibrium process from SMOW and precipitation under 
equilibrium conditions. He also found that relationships 

exist between the mean annual temperature and the oe? and D 


POncentumi in DpLeCipitavcion cor a large number of continental 


stations throughout the world as follows: 
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Zoe Summary relevant to 1sOcopicEestudies 


mtewould appear. thater1sotoprcEs tudes saresdesiraule 


from two viewpoints. 


(lb) sisotopicestuciecssmayeLesoLve ssOme OL the) contro-— 


versial aspects of evaporation retardation by films. For 
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example; canrvone utilize the concept of a “specific 
EPeststancemswiich is proportional to the square root 
OLeche=mass, of the diffusing water molecule? If the only 
GErect om ne crilm is the reduction of air currents, then 
negligible isotope effects should be introduced by the 
film. Information obtained about the mechanism of retar- 
dation should aid in the selection of more effective 
evaporation retardants. 

(2ye lore rtimsralter the isotopic belavyiour of evd— 
poration, this could have some terrestrial implications. 
(leerectrial water SULraces are oLten covered with natural 


films .) 
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CHAPTER 3 
EXPERIMENTAL 


The experimentation was designed to determine the 
uSOrOopLCeertects introduced during evaporation of a water 
surface sprayed with cetyl alconel at. line aii s.waseachreyed 


by measuring the 500 /HeOm 


ratios OG remaining laguid 
water samples during the course of evaporation. Simultaneous 
measurements were made on waters with various film thickness 
and without a film. 

Identical rectangular transparent plastic containers 
OLearea 24 2. 1/ cm? were used. The containers were filled 
initially with water to a depth of about 8 cm and the depth 
was measured by a scale attached to the outer surface of a 
wall of the container. 

Before filling, the containers were washed thoroughly 
with "Alconox laboratory detergent" and then rinsed thoroughly 
with deionized distilled water. In each container, equal 
volumes of deionized distilled water were placed to evaporate 
under the selected conditions. Using advice from MacRITCHIE 
(1969) ,solutions of cetyl alcohol@in heptane, (0.0siqmicety! 
alcohol in 100 cc heptane) were Sprayed over the water sur- 
face using a syringe. The heptane subsequently evaporated 
tov leave peheucety.l valcoho Leman. 


Samples .of about 5,.cc of water were taken from each 


Container reqularlysucingeassyringe with a fine needie to 
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avoid breaking the film. After sampling from one container, 
the syringe was dried before using it to sample another 
container. The samples were stored in tightly closed vials 
to prevent evaporation and the associated isotope fractiona- 
Ou. 

The experiments were conducted under the following 
conditions: 
(a)P Run No. 1 

(1) Compressed air dried by passing through a Dry 
Ice trap, was blown at a rate of 10 liters/sec over the 
surface of water in containers placed in 2 wooden box with 
two identical compartments. 

(ii) The water surface of one of the containers was 


SuLayadewitheionce cetyl =alcoholssolution. 


(Ob) RunseNos= 27 andy 

(i) The containers were placed under the fume hood 
of the clean room. 

(ii) In run no. 2 the water surface of one container 
WoomsDGayed Witt 10 @cceofe the organrc™solution.» ithrec=con— 
farmers were used for’ runino.*77 tCwovot which were sprayed 


withe0.2°and LVO'ccto£Vthe Solutions respectively: 


(c) Runs Nos. 3-6 


(i) Water in the containers was left to evaporate out 


in the open in the clean room. 
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(Wejeetn) runs nos, 3 ana 4 the water surface of one 
container was sprayed with 4.5 and 2.5 cc of the cetyl 
alcohol solution respectively. 

(Let yerOUL COltainers were used inerun no. 5) three 
of which were sprayed respectively with 0.1, 0.5 and 1.0 cc 
CipedessOlwuion, Due co the sharp rise in room temperature 
because of the operation of a furnace in the clean roon, 
sampling was not completed. Hence, run no. 6 is a repetition 
ODeNO wo. 

At the start of each of the above mentioned runs, 

a reference sample was taken from the same water used to 
fill the containers. The temperature and the relative 
humidity (measured by an "“Airguide Humidity Indicator", Model 
605) were recorded constantly during Albu beet newta Ss Crist. 

The method used in determining the relative ee? 
concentrations of the water samples is described by EPSTEIN 
anoeMAYEDA (1953), Lue Consists of =1s0otopically ,equilibratang 
a stall amount Of puriLied commercial carbon dioxide (wren 
water in a thermostated bath and then analyzing the co. 
gas mass spectrometrically. The pH of the water samples 
Was adjusted to 6 or lower by the addition of a dropyoft HNO , 
to allow for more rapid equilibrium to be established ) 2¥cc 
of water was then added to a bulb which was placed on a 
vacuum line. The water was frozen using liquid nitrogen 
and the trapped gases were pumped away. The ice is then 


melted and warmed to room temperature to release any gas 
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treppedsduring the initial freezing. The water is then 
refrozen using a Dry Ice-acetone bath and then pumped 
momentarily to remove remaining gases. Commercial carbon 
dioxide was introduced into each bulb at a pressure slightly 
below one atmosphere. The bulbs were removed and equili- 
buaeedeat 25°C for two days whey weresshaken virequently 
over the period of equilibration to ensure that water de- 
fecien tain Owe does not remain condensed on the walls of 
the vessels. The water level of the bath was always kept 
just above the stopcock of the bulb to provide uniform 
temperature throughout the vessel and thus prevent conden- 
Sal Vom OneLice interior walls. sine carbon dioxide was trans— 
ferred to breakseals after equilibration. In this operation, 
the water was frozen with a Dry Ice-acetone bath and CO. 
gas was passed through a trap immersed in a similar bath 
FOLe thorough H5O removal. 

A magnetic analyzer mass spectrometer which simul- 
taneously collected ion currents corresponding to masses 


44+45 and 46, was used for the isotopic analysis. 
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CHAPTER 4 
RESULTS 


The results are now summarized in the order in which 


the experiments were performed. 


Run No. 1 (Compressed air stream, twin chambers). 

The percentage evaporation as a function of time with 
Suomi eiOouUcwrctLm 1S shown in Fig..ls5) Artem 36 days only. 26 
percent Of the water which initially “hadgyno surface film 
evaporated. The rate of evaporation without film was 1.5 
Mmimecmciatawith film. | “At this pointe ain the experiment, the 
aecumubation of dust particles on#the film and/or the air 
MmOwW TuUpLUTeEd it. Further, thefinitially “clean” surface 
was obviously covered with a layer which was perhaps derived 
from aevoso.s in the compressed aimzw line. Since the ievel 
Gu themicy ice trap Was Got Maimtained constant, itis likely, 
Ehat the temperature and humidity varied considerably. There- 
fore, this experiment was terminated and isotopic analyses 
were not performed. 

Further experiments were conducted in a recently 
constructed "clean room" rb an attempt to overcome the above 
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PERCENT EVAPORATION 


RUN (1) 
jas: 
20 
tes 
& 
10 
© WITH FILM (3.66 x 10°2cm) 
5 | 5 @ WITHOUT FILM 
0 10 20 30 40 
TIME (in days ) 
Figure 1 


Percentage evaporation as a function of time 
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Run No. 2 (Fume hood in clean room). 

Fig. 2 shows the percentage evaporation as a func- 
tion of time without film SnCmWiltie cit ali eoOLe 2 44 hy cm 
thickness. The relative humidity was initially 20% and 
decreased to 17% after 46 hours. Thereafter it remained 
reasonably constant for the duration of the experiment. 

In this experiment, the effect of the film is quite 
pronounced in that it reduced the rate of evaporation by 
amlactOrrOr 4\..22 


16 Beye 


In Fig. 3, the measured values of H,07°/H,0 
remaining water is plotted as a function of percentage 
evaporation. The remaining eet pe een fy lmeappears to 
become enriched in the heavier H,0"° species at a slightly 


hasten ractesythan that without film. The isotopic composi- 


tions of the "instantaneous" vapour and the "accumulated" 


Vapour have been calculated) from the observed values. It 
is seen that the H,0"° species evaporates about 2.4% faster 
than the He Om Sspecues. This is further discussed sim 


Chapter bp. 
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PERCENT EVAPORATION 
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s O WITH FILM (2.44 10cm) 
, @ WITHOUT FILM 
oO 
O, 
60 120 
TIME (in hours) 
Figure 2 


Percentage evaporation as a function of time 
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89 RUN (2) 
REMAINING WATER (measured, with film) 
REMAINING WATER (measured, without film) 
ACCUMULATED VAPOR (calculated,without film) 
ACCUMULATED VAPOR (calculated, with film ) 


INSTANTANEOUS VAPOR (calculated, 
60 without film) 


INSTANTANEOUS VAPOR (calculated, 
with film ) 
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0 30 60 90 
PERCENT EVAPORATION 


Figure 3 


$H,07° of remaining water, instantaneous and accumulated 


vapours as a function of percentage evaporation 
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Run No. 3 (Clean room, outside of fume hood). 

The percentage evaporation as a function of time 
Moyprotted in Fig. 4. Thesrelative humidity was initially 
20% and decreased to 17% after 68 hours. It then remained 
constant till the end of the run. The rate of evaporation 
without film was 2.2 times free withe crim, (12) x10? cm 
thickness). On the basis of the isotope data derived from 
Run No. 2 where the effect of the film was more pronounced 
tham in) this run, aW@significant difference in the isotopic 
behaviours is not expected. Since Run No. 6 was conducted 


wnder similar conditions with three /different film thicknesses, 


isotopic determinations were not conducted for Run No. 3. 
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PERCENT EVAPORATION 


RUN (3) 


100 






© WITH FILM (1.10 x 10°%cm) 
@ WITHOUT FILM 





0 100 200 300 400 
TIME (in hours) 
Figure 4 


Percentage evaporation as a function of time 
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Run No. 4° (Clean room, outsidelof fume hood). 

Fig. 5 shows the percentage evaporation without and 
With film of thickness 670 calm cm as a function of time. 
We observe a sudden decrease in the evaporation rate at about 
100 hours. This was caused by the abrupt increase in the 
relative humidity from 17% to 40%. The relative humidity 
decreased to about 20% at about 240 hours and we note a 
corresponding increase in the evaporation rate. However, 
by this time, the water without film had already evaporated. 
It is noted that the rate of evaporation at the lower humidity 
compares favourably with the data of Run No. 3 where the 
average humidity was about 18%. However, since the humidity 
conditions were not consistent between the case with film and 


that without film, isotopic data were not obtained. 


Run NO.) 5 (Cleangroom, outside of fume hood). 

This run was not completed since a furnace was inter- 
mittently operated in the clean room at various time during 
the run. Although the maximum change in the water tempera- 
ture was ie. theyrluctuations in alr temperature) were 
considerably greater. For this reason, Run No. 6 was a 
HepectirtionvyofL #Run No. 5. In Fig. 6, the percentage evaporas 
tion as a function of time is plotted for comparison with 


data tromenun: No. 6. 
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Figure 5 


Percentage evaporation as a function of time 
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Figure 6 


Percentage evaporation as a function of time 
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Gun Nowe ornClean room, outside of fume hood). 
Fig. 6 shows the percentage evaporation as a func- 


Clone Oreeime without tlm ana with tiimse or thicknesses 


4 5 


2.44 x107*, 1.20 x10? and 2.44x10 > cm respectively. 


Here, as in Run No. 2 we observe that H,07° content of 


the remaining water without film is slightly lower than 
in the cases with films. Although the data are not over- 


whelmingly convincing, it appears that as the thickness of 


the film increases, there is a slight increase in the H,07° 


Conceme OG sie remaining wacer (Fig. 7). The theoretical 


Hines mn fag. 7 will sbe discussed ian)Chapter 5. Thesgcal— 
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Figure 7 
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evaporation compared to theoretical values derived 


of remaining water as a function of percentage 


from REES‘ program 
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éu,07° of remaining water, instantaneous 
and accumulated vapours as a function of 
percentage evaporation for the cases 


WLONOUCBELIMN sandeaw Lene talms Of so Giitrterent 


thicknesses respectively (Run 6) 
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Figure 10 
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Run NGeeee(Cleaens room, under fume hood). 
The percentage evaporation as a function of time 


4 ancec. 44 $10 °° cm 


Wiaehoul frim and with filmes 4.88 x10" 
thick is shown in Fig. 12. The relative humidity was 
initially about 45% and started to increase gradually till 

Ze reached 70% after 200 hours. However, the rate of eva- 
poration was not altered very much. This experiment was 
carried out in the presence of other activity in the fume 
hood, which may have caused such a sharp rise in the relative 
humidity. After 125°hours the water without film evaporated. 
We note eneethe rate of evaporation in this run reasonably 
compares with the data of Run No. 2 which was also conducted 
under the fume hood. However, the observed éH,0°° values 

of the remaining water in this run is almost half of those 
Potatreamin kun No. 29(Figg 13). 7 Figs.214 to 16 show the 


18 values for the "instantaneous" and the 


calculated OHO 
"accumulated" vapours in each case which will be discussed 
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Figure 12 


Percentage evaporation as a function of time 
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6H ae of remaining water, instantaneous 


2 
and accumulated vapours as a function of 
percentage evaporation for the cases 


WELnOU fLlimeand withiwsLimssOm 2 ditrerent 


thicknesses respectively (Run 7). 
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Figure 14 
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CHAPTER? 5 
DISCUSSION AND CONCLUSIONS 


DISCUSSION 

HO vapour in equilibrium with H5O hacen at room 
temperature should be about 9 °7/00 depleted in éH,0°° as 
compared stomthe liquid (DANSGAARD, 1964). Since the iso-— 
topic fractionations of these experiments are much larger, 
it would seem that we are dealing mainly with a non- 


equilibrium situation which can be described most simply 


by the competitive isotopic evaporations 


k 

H,07° (liguid) ++ n,0°° (vapour) 
18 Bie 18 

H,O fot Chl cl) ———> H,O (vapour) 


DANSGAARD (1961) measured values of ki ¢6/ki¢ Mp mee Ort OL 

The evaporation rate should be proportional to 
surface area in the absence of significant surface motion. 
Therefore, the rate of evaporation in any one container 
should remain the same. Figures 1 to 6 and 12 verify this 
contention. 

In considering the isotopic selectivity, in evapora- 
tion, it seems reasonable to include all available liquid 
molecules since the surface molecules should effectively 
exchange with the deeper molecules. Thus, LOreahiy 1SOcOpic 
species, the evaporation rate should be proportional to the 


number of that species available in the liquid state. This 
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is analogous to first order reactions in chemistry where 
the reaction rate depends on concentration of a reactant 
to the first power. Equations for first order competing 
isotopic reactions have been derived by many authors 
(BIGELEISEN, 1949; HARRISON and THODE, b8oS8ee NAKAT=and 
JENSEN, 1964). REES (1964) has used computer programming 
| to evaluate the parameters "isotopic composition of remain- 
ingereactant ,and “isotopic composition of accumulated 
product" for different ratios of isotopic rate constants. 
nies Veluccmiasted anjtable 1 in ~Chapter 2 which were taken 
from DANSGAARD (1964) are consistent with those given in 
this computer program. 

REES' program was used in Fig. 7 (Run No. 6) to draw 
theoretical lines based on ky 6/*1¢ LU emand ml 4 OMmCOr matic 
isotopic behaviour of the remaining water. It is seen that 
WOSt points ins thiserun fall wifthin these limits. Thais foun 
was conducted outside the fume hood in the clean room. 

This program was then used to derive ky 6/kis ratios 
from measured values of S HOC of the remaining water at 
various percentages of evaporation. Note that these deriva- 
tions give average values of ki 6/*1¢ up to the percentages 
of evaporation being considered. These data are summarized 
Hie avlee2 6 lose kS Seen sliaL yee fluctuates considerably 
iy tHe aceite This implies even greater fluctuations in 
instantaneous values of ki 6/*is° ine partacwler,e tt 1s Seen 


that Run No. 7 which was conducted under the fume hood de- 


parts markedly from this first order behaviour. 
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Table 2 


Values of Ki ¢6/kig at different times and 


evaporations, obtained from REES' program 


6H20'* of 
Film remaining 
thickness Time . Percent water (mea- 
Run No. (cm) (hours) evaporation sured, °/oo) kis/kis 
Z, nas eZ 25 7.47 e026 
BAatD Shao 15's 4 ESOLS 
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Tatole 2 (cont'd) 


SHs0' of 
Film remaining 
thickness Time Percent water (mea- 
Run No. (cm) _ (hours) evaporation sured, °/oo) kis/kis 
6 We oes0n > 92 18 3°53 1.018 
169 38 Tha 1016 
281 61.5 16.34 1.0175 
331 vil 2a so 1.0155 
379 90 33.99 1.0145 
402.5 99.9 38.69 1.0085 
6 Dea 8116 18.5 3.55 1.0175 
190 36 8.02 14018 
310.5 63 Lento 1.018 
379 78 Anas 1.0165 
429 92 35.05 750135 
438 99 yee 1.008 
7 nil 20 14.5 3.95 1.0235 
46 28.5 8.69 1.0255 
66 52 = = 
87.5 67 20033 1.0185 
Tees 88 256003 1.0115 
124 99.4 30.06 1.0065 
7 Hn  Gextos seneeds 10 2.00 1.0215 
Ln 33 9.86 1.024 
147.5 50 151 Toe 
175 68 21642 1.0185 
208 80 23.94 1.0145 
234 91 30.54 10125 
257 99.6 Acree 1.0095 
7 a Mar TAG 12 an 56 1.0275 
TS 25 Tage 12029 
147.5 36 10.87 1.0245 
175 48 15.10 1.023 
234 62 19.93 1.0205 
284 78 27.69 1.018 
335 98.8 57087 1.0095 
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The values of 6D for all the samples of Run No. 6 
were Measured by BUCKLEY (1971)....Within rather large errors 
due to instrumental problems, the isotopic fractionation 
without film and with films of different thicknesses are 
the same. 

The difficulties in interpreting these experiments 
arise mainly because it was impossible to maintain constant 
conditions throughout any one set of experiments. This is 
shown clearly in Fig. 5 where the evaporation rate decreased 
markedly with an increase in humidity. 

It would seem that one might Bree cone these diffi- 
culties by ascertaining ki 6/S18 for all containers in the 
series at any one time. However, Fig. 17 shows that k,;/k,, 
is not consistent in all the containers at any one time. 

For some reason, it generally decreases towards the end of 
each individual evaporation. When Ki 6/Kig is plotted as a 
function of percentage evaporation, *we find that the curves 
ineaty, one run are more soonsistente(Pig.918) 5 Thuseit seems 
that conditions change in any one container as evaporation 
proceeds. Since the depth of the containers was compara- 
ble to the other dimensions, it would seem that "edge 
effects" are responsible for the observed behaviour. 

itoess seen 1n Fig... US e@thatekun Now Giwhichewassoug 
Tet ea ODeN in the clean room has reasonably constant 


ki 6/kig values up to roughly 75% evaporation whereas Run 


No. 7 which was in the fume hood has ky 6/*18 steadily 
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decreasing throughout the course of the evaporation. Other 
than the above suggestion that container design is a re- 

lated factor we are unable to explain these Ky ¢/*1¢9 
behaviours. It is noteworthy that the literature lacks 

sufficient data for such a fundamental process. To eluci- 
datesthe srolle of «cetyl alcohol films in evaporation retar- 
dation, Ht jistnot snecessary «eto -fully, understand :+this ky 6/*ig 


behaviour. We are simply comparing isotopic behaviour with 


and without films: 


Assessment (Of errOrs;) suggestions Lor improved experimentation 


16 


From the viewpoint of H,0"°/H,0 analysis, errors 


involved in sample preparation and mass spectrometry should 
give 6H,07° values consistent to better than +0.2 ° 7/00 
(standard deviation). If the erorees bottle for a sample 

is not tight, the isotopic composition becomes more enriched 
in H,0'° because of preferential evaporation of the lighter 
isotopic species. 

Most of the inconsistencies in experiments of this 
thesis arise from the conditions under which the experiments 
by necessity had to be conducted. It was argued in the 
discussion above that. one could, not compare isotope frac- 
tionations at fixed times since the shape of the container 
must havetbeenjaygsioqnificant ¢iactors. «Onekecan makeathe 


comparisons in terms of fixed percentages of evaporation 


IF the external conditions remain constant. However, it 
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was usually the case that after the water without film had 
evaporated the external conditions changed. Therefore, 
water without and with different film thicknesses did not 
undergo their evaporation under equivalent conditions. 

It is therefore recommended that better control of 

these experiments would result if - 

(1) they were carried out in environmentally con- 
trolled rooms, i.e. constant temperature, 
humidity and air flow throughout any given 
runt 

(2) clean air should be involved in order to avoid 
the formation of additional films on the surfaces; 

(3) a container of large area and shallow depth would 
seem preferable in order to minimize effects at 
the container edges. In order to ascertain the 
amount evaporated continuous weighing should be 


a convenient technique. 


CONCLUSIONS 

This set of experiments, although far fLrompvdcadsan 
many ways, have demonstrated the effectiveness of cetyl 
alcohol films in retarding the evaporation of water. 

The isotopic measurements statistically suggest 
Enatethie cractionation with, Liimseis Silignitly wlarger ethan 
without films. Further, increased film thicknesses appear 


to promote an increase in the isotopic selectivity during 


evaporation. 
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Much controversy in the literature has arisen in 
discussing the role of monolayers. We were not successful 
in obtaining monolayers in our experiments. However, if 
one extrapolates our isotopic data to smaller thicknesses, 
the isotopic differences between evaporation with and 
without monolayers should be negligible. The data of this 
thesis suggest that monolayers and thin films of cetyl 
alcohol do not introduce an isotopically dependent step 
which can compete effectively for rate control of the 
evapora tO eel nise conclusion is*further Supported by the 
factsthat the films did not alter the peculiar behaviours 
of Ki 6/*1¢ as 'a function of percentage evaporation (Fig. 18). 
Tneother words, placing the containers in a fume hood or in 
the open altered the isotopic behaviour to a greater extent 
than varying the film thickness. The data may support the 
Conclusion that the role of films is ‘Simply that op de— 
Coupling alr currents from the water surface as proposed by 
MacRITCHIE (1969). It would seem however that there were 
definite “edge effects" in the containers used. If the films 
actually decoupled alr currents from the water Ssuriace, ethey 
should have reduced such edge effects. . 

Thus, the addition Of flinseto water sUGincessdGecs 
not offer advantages for commercial isotopic separation 
purposes. If thicker films or other materials promoted 
larger isotopic selectivity, one still has the problem that 


the covered surfaces require longer times for evaporation. 
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It would also seem that fractionation of isotopic 
Species Of water in the hydrologic cycle is not influenced 


much by the presence of surface films. 
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